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Several members of the Rubiaceae and Violaceae families produce
a series of cyclotides or macrocyclic peptides of 29–31 amino acids
with an embedded cystine knot. We aim to understand the mech-
anism of synthesis of cyclic peptides in plants and have isolated a
cDNA clone that encodes the cyclotide kalata B1 as well as three
other clones for related cyclotides from the African plant Olden-
landia affinis. The cDNA clones encode prepropeptides with a 20-aa
signal sequence, an N-terminal prosequence of 46–68 amino acids
and one, two, or three cyclotide domains separated by regions of
about 25 aa. The corresponding cyclotides have been isolated from
plant material, indicating that the cyclotide domains are excised
and cyclized from all four predicted precursor proteins. The exact
processing site is likely to lie on the N-terminal side of the strongly
conserved GlyLeuPro or SerLeuPro sequence that flanks both sides
of the cyclotide domain. Cyclotides have previously been assigned
an antimicrobial function; here we describe a potent inhibitory
effect on the growth and development of larvae from the Lepi-
dopteran species Helicoverpa punctigera.

Naturally occurring circular proteins (i.e., proteins in which
the N and C termini are linked via a peptide bond) were

unknown before the mid 1990s; however, there have been
increasing reports of both naturally occurring and synthetic
circular proteins over the last few years. Of particular interest
among naturally occurring examples have been a series of
plant-derived proteins referred to as the cyclotides (1). These
include kalata B1 (2), the circulins (3), cyclopsychotride (4), and
several peptides from Viola species (5–7). The cyclotides com-
prise 29–31 amino acids, including six highly conserved Cys
residues that form a cystine knot (8–9). In this structural motif,
an embedded ring formed by two disulfide bonds and their
connecting backbone segments is penetrated by a third disulfide
bond. The combination of a cystine knot embedded in a cyclic
backbone, referred to as a cyclic cystine knot, produces a unique
protein fold that is topologically complex and has exceptional
chemical and biological stability. These plant-derived circular
proteins are quite different from the small cyclic peptides from
microorganisms that have been well known for many years. The
latter are typically 5–10 aa in length, lack disulfide bonds, and are
not ribosomally synthesized. There are only limited examples of
larger circular proteins from microbial sources and these include
a 21-aa peptide from Escherichia coli (10) and a 70-aa protein
from Enterococcus faecalis (11). Both lack disulfide bonds but
appear to be gene products. Recently, two other small cyclic
peptides have been reported in higher organisms. One is SFTI,
a cyclic 14-aa trypsin inhibitor from sunflower seeds (12), and
the other is RTD-1, an 18-aa tridisulfide peptide from rhesus
monkey leukocytes (13). The latter is derived from the cotrans-
lational processing of two related genes by a mechanism that is
not yet known, and the biosynthetic origin of the former is
unknown. We have recently reported the structures of both these
molecules (14, 15).

The cyclotides contrast with the other circular proteins in that
they have highly defined three-dimensional structures and, de-

spite their small size, may be regarded as miniproteins. This
attribute arises primarily from the knotted network of disulfide
bonds that stabilizes the structures. The well-defined structures
are associated with a range of biological activities. Indeed, the
cyclotides were originally discovered either from screening
programs or from anecdotal reports of their biological activity in
traditional medicines. For example, in 1970, kalata B1was re-
ported as the active ingredient in a tea used by women in the
Congo region of Africa to accelerate childbirth (16, 17), although
it was some 25 years later before the sequence and cyclic nature
of the peptide were determined (2). The circulins were discov-
ered in screens focusing on anti-HIV activity (3), cyclopsycho-
tride for inhibition of neurotensin binding (4), and various Viola
peptides for hemolytic activity (7). Thus, all of the known
macrocyclic peptides have diverse biological activities, but their
function in plants was not known. Tam et al. (18) have suggested
a role in plant defense against microorganisms. Here we show a
potential role in host defense against insects.

Experimental Procedures
RNA Isolation and Production of a Partial cDNA Clone Encoding Kalata
B1. RNA was isolated by using Trizol reagent and the protocol
from GIBCOyBRL. Single-stranded cDNA was prepared from
leaf RNA and amplified by the PCR by using one of two
degenerate primers and oligo-dT (GeneWorks, Adelaide, Aus-
tralia). The primers and the encoded protein sequence are shown
in Fig. 1. The PCR fragments were isolated from agarose gels
and cloned into pBluescript SK1 vector (Stratagene) for
sequencing.

Preparation of the O. affinis cDNA Library. Total RNA (1 mg) was
prepared from leaves and stems, and mRNA was separated by
using the PolyATract I (Promega) mRNA isolation system. Five
micrograms of mRNA was used to produce the cDNA library
with the Uni-Zap-cDNA synthesis kit and the GIGAPACKIII
gold packaging extract from Stratagene. The Oak1 and Oak2
clones were obtained by screening the amplified library with a
32P-labeled DNA fragment of the Kal2 and oligo-dT PCR
product (DNA-encoding amino acids 72–104 in Fig. 1C). The
Oak3 and Oak4 clones were isolated by using the Oak1 clone
as probe.

RNA and DNA Blots. Total RNA (10 mg) was fractionated on 1.2%
agarose gels in the presence of formaldehyde and transferred to
HyBond N1 (Amersham Pharmacia) (19). Prehybridization and
hybridization were performed at 42°C in 53 (SSPE)(3 M NaCl,
0z2 M NaH2PO4, 0z0.2 M EDTA)y1% (wtyvol) SDSy53 Den-
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hardt’sy50%(wtyvol) deionized formamidey200 mg/ml herring
sperm DNA. The membrane was probed with P32-labeled Oak 1.
Unbound probe was removed by washing three times with 23
SSPE and 1% SDS at 42°C for 10 min.

Genomic DNA was isolated from fresh leaf material (1.5 g),
and 40 mg was digested with restriction enzymes; HindIII,
BamH1, NdeI, and EcoRV (Promega, 5 units) before electro-
phoresis on a 0.7% agarose gel in the presence of ethidium
bromide and TBE buffer (90 mM Trisy64.6 mM boric acidy2.5
mM EDTA, pH 8.3) (19). The DNA was transferred to Hybond
N1 (19), and the blot was probed with Oak1 cDNA before it was
prehybridized, hybridized, and washed as described for RNA
blots.

Hybridizing RNA and DNA was visualized by using a model
400B PhosphorImager and IMAGEQUANT software (Amersham
Pharmacia).

Isolation of Cyclotides from O. affinis. Kalata B1, B2, B6, and B7
were isolated from aerial parts of O. affinis by extraction with
dichloromethaneymethanol (50:50 volyvol) and purified by using
RP-HPLC [Vydac (Hesperia, CA) C18 column] (1). Kalata B6
and B7 have not been reported previously and were character-
ized by mass spectrometry and Edman sequencing.

Bioassays with Artificial Diets. Helicoverpa punctigera larvae were
raised on artificial diets based on haricot beans (20). The test diet
was supplemented with the kalata B1 peptide (0.825 mmolyg of
diet). The control diet contained casein in place of the inhibitor.
Twenty neonates were added to each diet, and mortality was
recorded every 2 days. Weight gain was recorded at the sixth day
and every second day thereafter. The larvae were reared in
1.5-ml microfuge tubes (one larvaytube) until day eight, when
they were transferred to individual plastic containers with lids
[Solo (Urbana, IL) plastic portion cups, 28 ml]. Larvae were fed
initially small amounts of diet (40 mg) that were replaced as
required to provide a continuous supply. The larvae were kept
in a temperature controlled room at 25 6 1°C, 16:8 (lightydark).

Trypsin, Chymotrypsin, and a-Amylase Assays. The midgut was
dissected from 10 fourth instar larvae and homogenized in 2.5 ml
of 10 mM TriszHCl, pH8. The supernatant was collected after
centrifugation (15,000 3 g, 10 min, 4°C), and protein concen-
tration was determined by using the Bradford method with
reagents from Bio-Rad and BSA as standard. The supernatant
was divided into 200-ml aliquots and stored at 280°C until use.
Protease assays were essentially as described previously (21) and
were performed in duplicate by using controls without enzyme.
Substrates were 1 mM sodium-benzoyl-DL-arginine p-
nitroanilide for trypsin and 1 mM N-succinyl-Ala-Ala-Pro-Phe
p-nitroanilide (Sigma) for chymotrypsin. CAPS buffer (50 mM
3-[cyclohexylamino]-1-propane-sulfonic acidy75 mM NaCly2.5
mM MgCl2, pH 10) was used for assays with gut extract, and 50
mM TriszHCl, pH 8.0, was used for bovine trypsin and chymo-
trypsin. Enzyme and various amounts of kalata B1, kalata B2, or
Nicotiana alata proteinase inhibitor (21) were mixed and prein-
cubated in a 60-ml volume for 30 min at 30°C before the addition
of substrate (40 ml). The reactions were continued for 30 min at
30°C before release of p-nitroanilide was recorded at 405 nm on
a SpectraMax 250 microtiter plate reader (Molecular Devices).
Trypsin activity was determined by using 4 mg (1.67 mM) bovine
trypsin [Type XIII 1-tosylamido-2-phenylethyl chloromethyl ke-
tone (TPCK) treated, Sigma] or 3.2 mg of gut protein. Chymo-
trypsin assays used 0.1 mg (0.04 mM) of bovine chymotrypsin
(Type VII TLCK treated, Sigma) or 2.6 mg of gut protein.

Amylase activity was assayed essentially as described by Mor-
ton et al. (22). Assays were performed at 30°C in 200 ml of
reaction mixture containing 26 mg of gut protein and 0.5%
(wtyvol) starch (Sigma) in CAPS buffer. Samples (20 ml) were
removed at 10, 20, and 30 min for reducing sugar assay by using
dinitrosalicyclic acid reagent. Potential inhibitory activity of
kalata B1 and B2 was measured by mixing 20 mg with gut protein
(26 mg) and preincubating at 30°C for 1 h in CAPS buffer before
the enzyme assay was initiated by the addition of an equal
volume of 1% (wtyvol) starch in the same buffer. The a-amylase
inhibitor from wheat seeds (Sigma A1520) was used as a positive
control.

Results
Isolation of cDNA Clones Encoding Cyclotides from O. affinis. As
kalata B1 is a cyclic protein of only 29 amino acids and the 59 end
of the coding region was unknown, two oligonucleotides were
designed for PCR amplification in combination with oligo-dT to
ensure PCR products were long enough for subcloning and
library screening (see Fig. 1 A and B). A 400-bp fragment
produced from primer Kal2 and oligo-dT had a 39 untranslated

Fig. 1. (A) Schematic representation of kalata B1 showing the cyclic cystine
knot, the amino acid sequence in single letter code, and the regions used for
oligonucleotide primer design (shaded). (B) The primers used in the PCR
reactions. I represents inosine, Y represents C or T, and R represents A, C, T, or
G. The introduced restriction enzyme sites are in italics. (C) Amino acid
sequence of the protein encoded by the Oak1 clone. The sequence corre-
sponding to the PCR product obtained with the Kal2 and oligo-dT primers is
shaded.
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region of 267 bp and a polyA tail of 32 bp together with what
appeared to be the complete coding sequence for kalata B1.
When used as a probe on RNA blots containing O. affinis leaf
RNA, the partial kalata B1 clone hybridized to an RNA tran-
script of about 750 bases, suggesting that the cyclic peptide is
derived from a larger precursor protein.

The cDNA library prepared from leaf and stem mRNA was
screened initially by using the partial kalata B1 cDNA as probe.
Two full-length clones were obtained; the first designated OaK1
for O. affinis kalata B1 was 725 bp in length and encodes a
predicted protein of 124 amino acids (Fig. 1C). The 29-aa kalata
B1 sequence is embedded in a precursor protein, which has a
typical endoplasmic reticulum (ER) signal sequence of 20 amino
acids. The B1 sequence is f lanked by about 70 amino acids at the
N terminus and four to seven amino acids at the C terminus. All
six cysteines in the precursor are located in the B1 sequence. The
predicted precursor has no potential N-glycosylation sites and,
hence, has an expected mass of 11.18 kDa without the signal
sequence.

The second cDNA clone, designated Oak2, is 843 bp in length
and, unlike the first clone, is predicted to encode a protein of 158
aa with two kalata B1-related sequences that we have called
kalata B3 and B6 (Fig. 2). The predicted protein also has a
typical ER signal sequence of 20 aa that is followed by a 46- to
49-aa sequence before the first kalata sequence (B6) is encoun-
tered. This peptide is separated from the kalata B3 sequence by
about 25 aa. The B3 sequence is followed by four amino acids at
the C terminus (SAAA) that are similar to those that flank B1
(SLAA) in the protein encoded by the Oak1 clone. Like the
precursor encoded by the Oak1 clone, the precursor encoded by
the Oak2 clone has no potential N-glycosylation sites, and all
cysteine residues are confined to the putative mature peptide
sequences. After removal of the potential ER signal sequence,
the precursor encoded by the Oak 2 clone has a predicted mass
of 14.56 kDa.

The third clone, designated Oak3, was 677 bp long and
encodes a predicted protein of 111 aa (Fig. 2). It has only one
kalata B1-related sequence, designated here as kalata B7. The
fourth clone, Oak4, has a 993-bp insert and encodes a predicted
protein of 210 aa (Fig. 2). This protein has three identical
kalata-like sequences that we have called kalata B2, because the
sequence corresponds to a peptide given this name but not fully
identified in an early study of O. affinis by Gran (16). The B1 and
B3 sequences from the Oak1 and Oak2 clones also correspond
to peptides with the same name that have been extracted from
plant tissues (1). The B6 and B7 peptides predicted from the
Oak2 and Oak3 clones, however, did not correspond to any of the
known kalata molecules. Further isolation of peptides from O.
affinis leaves resulted in the discovery of two new cyclic peptides
with the same mass and sequence predicted for B6 and B7.

Genes Encoding Kalata-Like Peptides Belong to a Multigene Family in
O. affinis. Craik et al. (1) have isolated three cyclotides (kalata B4,
B5, and kalata S) from O. affinis that are not encoded by the
cDNA clones described here, consistent with expression of more
than four cyclotide genes. The size of the cyclotide gene family
was estimated by digesting genomic DNA with HindIII, BamHI,
NdeI, and EcoRV and subjecting it to DNA blot analysis with the
Oak1 cDNA as probe. Up to 12 hybridizing bands were obtained
in all of the digests (Fig. 3A), suggesting the cyclotides are
derived from a multigene family with up to 12 related genes.

Cyclotide Genes Are Expressed in Roots, Leaves, and Stems of O.
affinis. Cyclotides have been isolated from all tissues of O. affinis,
but the leaves are the best source on a dry-weight basis (1). We
asked whether this was because of differences in extraction
efficiency, peptide stability, or gene expression. RNA blots were
performed by using the Oak1 cDNA as probe. Expression was

higher in young leaves than mature leaves and was relatively low
in roots (Fig. 3B).

Effect of Kalata B1 on the Growth and Development of H. punctigera
Larvae. Although antimicrobial activity has been described for
kalata B1 (18), a potential role in insect defense has not been
examined. Purified kalata B1 was incorporated into an artificial
diet and fed to larvae for 16 days postemergence. Kalata B1 had

Fig. 2. (A) Block diagram of the precursor proteins predicted from the Oak1,
2, 3, and 4 clones showing the signal peptide (light shading), the regions
corresponding to the mature kalata peptides (dark shading), the region of 22
aa on the N-terminal side of the kalata peptide sequence (N-T repeat,
hatched). (B) Alignment of the amino acid sequence of the proteins encoded
by the Oak1–Oak4 clones (labeled 1–4, respectively). The sequence begins
with the first amino acid after the signal peptide. The N-T repeat sequences are
boxed and hatched. The kalata sequences are shaded. Identical amino acids in
the N-T repeat and kalata sequences are marked with an asterisk, and similar
amino acids are marked with a dot. Gaps (2) were introduced to maximize the
alignment. (C) The potential processing sites. The mature cyclic peptide retains
one copy of the Gly-Leu-Pro sequence that could be derived entirely from one
of the two flanking elements or partially from both depending on the initial
cleavage sites for B1, B3, B6, and B7. The retention of Gly-Leu-Pro in the B2
cyclotide suggests cleavage before the Gly and Ser residues.
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a significant effect on the development of larvae compared with
larvae on a diet free of kalata. No mortality was observed in the
first 6 days, although 50% failed to survive past day sixteen (Fig.
4A). After 16 days, none of the 12 survivors had progressed past
the first instar stage of development and weighed 3.3 mg (61.1
mg standard deviation). Most larvae on the control diet, how-
ever, had achieved fifth instar, and the average mass was 284 mg
(696.1 mg standard deviation; Fig. 4 B and C).

Effect of Kalata B1 and B2 on H. punctigera Digestive Enzymes.
Inhibition of endogenous digestive proteinases is one mechanism
by which small disulfide-rich defense molecules exert their effect,
as exemplified by the proteinase inhibitors from N. alata (23).
This possibility was tested for kalata by using a series of enzyme
inhibition assays. Kalata B1 and B2 had no effect on bovine or
H. punctigera trypsins and chymotrypsins, whereas the N. alata
proteinase inhibitors abolished all trypsin and most chymotryp-
sin activity under the same conditions (Table 1). Similarly, the
kalata peptides failed to inhibit a-amylases from Helicoverpa gut
(Table 1).

Discussion
In this paper, we have described a series of precursor proteins for
the plant cyclotides. Although they are small (29–31 aa), the

cyclotides adopt the features of larger proteins, including ele-
ments of secondary structure, a tightly intertwined set of disul-
fide bonds, and a well defined three-dimensional fold. As far as
we are aware, the cyclotides are the only known naturally
occurring cyclic proteins in higher organisms, apart from SFTI
and RTD-1, which are half the size of the cyclotides at 14–18 aa.
The finding here that the cyclotides are true gene products
distinguishes them from a range of smaller cyclic peptides (5–12
aa) that are found in fungi and bacteria. The latter are typically
synthesized by multienzyme complexes and include examples
such as gramicidin and cyclosporin. The unique circular nature
of cyclotides makes their biosynthesis and function of much
interest. Processing mechanisms for the natural production of
circular proteins have not been reported so far.

The plant cyclotides are produced by cleavage and cyclization
from precursor proteins incorporating one, two, or three cy-
clotide domains. The predicted precursors have typical endo-
plasmic reticulum signal sequences. Thus, it is likely that the
precursors enter the secretory pathway where folding and disul-
fide bond formation occurs before the cleavage and cyclization
events that release the mature cyclic peptides. Peptides that are

Fig. 3. Gel blot analysis of RNA and genomic DNA from O. affinis. (A) Blot of
genomic DNA digested with: (1) HindIII, (2) BamHI, (3) Nde1, and (4) EcoRV
probed with radiolabeled Oak1. (Upper) (i) Blot of total RNA from 1 roots; 2,
leaves; 3, shoots probed with radiolabeled Oak1. (Lower) Identical gel to
(Upper) stained with ethidium bromide.

Fig. 4. Effect of kalata B1 on growth and development of H. punctigera
larvae. (A) Survival of larvae fed an artificial diet containing kalata B1 (■) and
the control (F) diet. (B) Average mean weight of larvae fed on kalata B1 (■)
and control (F) diet. (C) Size of larvae after 16 days on artificial diet containing
kalata B1 (Left) or control diet (Right). (Bar 5 1 cm.)
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the apparent products of all of the described clones have been
isolated from plant tissues (1).

The modular structure of the precursors has several interest-
ing features. The four precursor proteins have a relatively long
N-terminal domain that is not tightly conserved in sequence or
in length. This domain is followed by a relatively well-conserved
sequence of 25 aa that precedes the cyclotide domain. We have
called this sequence the N-terminal repeat fragment, because it
is repeated together with the cyclotide sequence in precursors
with more than one cyclotide domain. The function of the
sequence is not known, but it may have an essential role in
folding or cyclization. We have previously noted that the folded
structures of the cyclotides are interesting in that they incorpo-
rate a hydrophobic patch on the surface of the molecule (2). The
exposure of hydrophobic residues appears to be a consequence
of the tightly packed disulfide core of the cyclotides that leaves
no room for internalization of hydrophobic residues. The surface
exposure probably leads to the relatively long retention times on
RP-HPLC that characterize the cyclotide family (1). We spec-
ulate that the N-terminal repeat fragment may be a folding
auxiliary that helps to stabilize the development of the hydro-
phobic surface during protein folding. Formation of disulfide
bonds presumably provides the stabilizing features that subse-
quently hold the structure in place.

The isolation of the cDNA clones together with the B1, B2, B3,
B6, and B7 cyclotides from plant tissues provides some insight
into the potential processing sites. Each of the kalata B1, B3, B6,
and B7 sequences in the predicted proteins from the Oak1, Oak2,
and Oak3 clones (Fig. 2B) is f lanked on both sides by the highly
conserved sequence -Gly-Leu-Pro-. The circularization process
thus appears to involve cleavage at a homologous site within both
flanking sequences and ligation of the new N and C termini. The
mature cyclic peptide retains one copy of the Gly-Leu-Pro
sequence, which may be derived entirely from one of the original
f lanking elements, or partially from both depending on the
initial cleavage sites (Fig. 2C).

The discovery of the Oak4 clone together with the corre-
sponding B2 peptide from the plant assisted with further refine-
ment of the potential processing site. Unlike the proteins
encoded by the other three clones, the Oak4 protein has three
copies of a kalata-like sequence. This sequence (B2) is f lanked
by Gly-Leu-Pro at the N terminus and Ser-Leu-Pro at the C
terminus (Fig. 2B). The B2 peptide isolated from the plant (1)
incorporates the Gly-Leu-Pro sequence, indicating that N- and

C-terminal processing has occurred at the peptide bonds pre-
ceding the Gly and Ser, respectively.

Comparison of the flanking sequences for all of the precursors
shown in Fig. 2 indicates that cleavage at the N terminus of the
cyclotide domain probably occurs between the Lys and Gly, and
cleavage at the C terminus occurs between AspyAsn and Glyy
Ser residues. Enzymes that accommodate both Lys and AspyAsn
residues in the P1 position have not been described in plants,
although proteases specific for Asn residues are common and are
located in the secretory pathway (24–26). Indeed, an asparaginyl
endopeptidase has been implicated in the maturation of Con A
within the secretory pathway of the plant Canavalia ensiformis
(Jack bean) (27, 28). Con A maturation involves cleavage next to
three Asn residues within the precursor accompanied by trans-
position and ligation (by formation of a peptide bond) of
fragments released from the N and C termini. Processing
intermediates can be isolated after the first two cleavage events
but not after the third, suggesting that the cleavage and forma-
tion of the new peptide bond occurs simultaneously. Indeed,
purified asparaginyl endopeptidase is sufficient for production of
mature Con A from the precursor (28). The observation that
asparaginyl endopeptidases are common in plants, but posttrans-
lational peptide bond formation is rare, led Sheldon et al. (28)
to suggest that the ligation event is a consequence of the
structure of the Con A precursor rather than a simple transpep-
tidation event. That is, the residues that are ultimately connected
by the new peptide bond in mature Con A are located close
together in the precursor. It is possible that a similar asparaginyl
endopeptidase is involved in production of the cyclotides, be-
cause the C-terminal cleavage site has a conserved Asn or Asp
residue. However, unlike Con A, the second cleavage involves a
Lys residue, suggesting looser specificity if a single enzyme is
involved or requirement for a second protease.

We have also considered the possibility that the cyclotides are
produced by a nonenzymic process. For example, it has been
demonstrated that intein-based mechanisms, which are normally
used for the autocatalytic splicing of two linear protein domains
(29), can be adapted for the production of artificial circular
proteins, both in vitro and in vivo (30–32). Inspection of the
sequences of the precursor proteins described here does not
reveal any homologies with known intein sequences, all of which
are substantially larger. Nevertheless, the possibility of a new
type of autocatalytic processing cannot be excluded at this stage.

The function of cyclotides in plants has not been elucidated
previously, but the high level of expression in leaves (17), as well
as production of several isoforms within a single plant, is
consistent with a role in recognition or defense. Furthermore,
plant defense molecules are often small cysteine-rich proteins
(33) that are trafficked through the secretory pathway. These
defense molecules include insecticidal molecules such as pro-
teinase and a-amylase inhibitors as well as potent antimicrobial
molecules such as thionins and defensins. There is also precedent
for precursors containing repeated domains of small defense-
related proteins. The proteinase inhibitor precursors from to-
bacco species have up to six or eight repeated proteinase
inhibitor domains (34, 35) that are released after transit through
the secretory pathway. Precursors with eight cysteine proteinase
inhibitor domains have been identified in potato (36), and
Impatiens balsamina has a precursor that is processed into six
small cysteine-rich antimicrobial peptides (37).

Tam et al. (18) have reported on the potent and specific
antimicrobial activity of the cyclotides, kalata B1, circulin A and
B, and cyclopsychotride, against several bacterial and fungal
species, although no plant pathogens were tested. Interestingly
the antimicrobial activity is salt dependent, suggesting the initial
interaction between the cyclotides and the microbial surface is
electrostatic, similar to that described for defensins (18). Here
we report a major effect of kalata B1 on the growth and

Table 1. Effect of kalata B1 and B2 on trypsin, chymotrypsin and
a-amylase activity

Assay
Potential
inhibitor

Highest concentration
tested, mM

IC50,
mM

Trypsin
BT NaPI 5 0.62
BT B1yB2 20 n.i.
GE NaPI 0.5 0.02
GE B1yB2 20 n.i.

Chymotrypsin
BC NaPI 5 0.045
BC B1yB2 34 n.i.
GE NaPI 20 15
GE B1yB2 34 n.i.

a-amylase
GE Wheat AI 4.2 0.83
GE B1yB2 34 n.i.

NaPI, Nicotiana alata proteinase inhibitor; Wheat AI, a-amylase inhibitor
from wheat seeds; B1yB2, kalata B1 and B2; BT, bovine trypsin; BC, bovine
chymotrypsin; GE, H. punctigera gut extract; IC50, concentration of inhibitor
required for 50% inhibition of activity; n.i., not inhibited.
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development of larvae from the Lepidopteran species H. punc-
tigera. Caterpillars fed artificial diets containing 0.15% wtyvol
(520 mM) kalata B1 failed to progress past the first instar stage
of development. Kalata B1 has a greater effect on larval growth
than most serine proteinase inhibitors (23, 38) that are produced
by many plants for defense against insect pests. We do not know
whether failure to thrive was caused by a toxic activity or an
antifeedant effect that ultimately led to death by starvation.
Small Cys-rich plant peptides are often proteinase or a-amylase
inhibitors that can retard insect growth by blocking digestion
of protein or starch. Kalata B1 and B2, however, had no effect
on trypsins, chymotrypsins, or a-amylases from Helicoverpa
gut and thus must have a different mechanism of action. The
kalata peptides have hemolytic activity (18), raising the possi-

bility that the insecticidal activity results from damage to mem-
branes within the insect gut. Whatever the mode of action, it is
clear that the stable framework provided by the cyclic cystine
knot that makes up the core of the plant cyclotide provides an
exciting template for potential agricultural and pharmaceutical
applications.
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